abstract: Complex chromosome rearrangements (CCRs) are structural aberrations involving three or more breakpoints on two or more chromosomes. These CCRs result in a high rate of chromosome imbalances potentially leading to subfertility and congenital abnormality. In this study, we analysed meiotic segregation in the sperm of a patient with a familial CCR 46, XY,t(1;19;13)(p31;q13.2;q31)mat included in an intracytoplasmic sperm injection program because of oligoasthenozoospermia. The rearrangement was first identified using conventional and molecular cytogenetic methods. Primed in situ labelling (PRINS) and fluorescence in situ hybridization (FISH) techniques were then combined allowing the simultaneous use of five fluorochromes on the same sperm preparation, for the segregation analysis and the evaluation of the reproductive options for this patient. Segregation analysis was performed in a total of 1822 sperm nuclei from the translocation carrier. The percentage of unbalanced sperm was 75.9%, including 34.1% from 3:3 segregation, 38.2% from 4:2 segregation, 3.5% from 5:1 segregation and 0.05% from 6:0 segregation. Only 14.8% of sperm nuclei were consistent with a normal or balanced chromosome complement. In conclusion, chromosome segregation analysis combining FISH and PRINS was performed in sperm from a CCR carrier using five fluorochromes. These results advance our understanding of the mechanisms of meiotic segregation, and facilitate the assessment of the usefulness of preimplantation genetic diagnosis procedures in CCR couples.
Introduction
Complex chromosomal rearrangements (CCRs) are balanced and unbalanced structural aberrations involving more than two breakpoints on two or more chromosomes with exchange of segments between these chromosomes (Pai et al., 1980) . These CCRs are rare events, which can be familial or de novo, balanced or unbalanced and may be associated with a normal or an abnormal phenotype (Gorski et al., 1988) .
Most de novo CCRs occur in paternal gametogenesis and cause mental retardation (Batista et al., 1993 (Batista et al., , 1994 , whereas most familial CCRs are of maternal origin and usually have three to four breakpoints (Batista et al., 1994; Madan et al., 1997) . Many authors have reported a risk of miscarriage of approximately 50% independent of the carrier parent sex, a 20% risk of a live born child with an unbalanced karyotype, and an increasing risk with a higher number of breakpoints (Gorski et al., 1988; Madan et al., 1997) .
Concerning fertility, male carriers are often sterile due to spermatogenic arrest (Joseph et al., 1982; Rodriguez et al., 1985) or subfertile.
In the last few years, several groups have investigated CCRs by taking advantage of fluorescence in situ hybridization (FISH) and molecular methodologies (Astburry et al., 2004; Lespinasse et al., 2004; Patsalis et al., 2004) .
Several of these studies concerned prenatal diagnosis (Giardino et al., 2006) . Only one segregation analysis was reported in spermatozoa of the carrier of a CCR t(2;11;22) using the hamster technique and whole chromosome painting probes (Cifuentes et al., 1998) .
In the present report, we have used FISH and primed in situ labelling (PRINS) to analyse the meiotic segregation of sperm from a patient carrying a three-way familial translocation 46,XY,t(1;19;13) (p31;q13.2;q31)mat with the goal of evaluating the reproductive potential of this patient and assessing the usefulness of the preimplantation genetic diagnosis (PGD) procedure.
Materials and Methods

Patient
The couple was initially referred to our infertility centre because of a 5-year history of infertility. The 32-year-old woman had a normal gynaecological status, whereas the 37-year-old man was found to have an oligoasthenozoospermia in one semen sample analysed (1 million spermatozoa per millilitre with 40% progressive motility).They were included in an ICSI (intracytoplasmic sperm injection) procedure. A first pregnancy was then obtained but a morphological abnormality (fetal brain bilateral ventriculomegaly) was revealed by ultrasonographic investigation.
In this context, an amniocentesis was performed at 22 weeks gestation and revealed a karyotype with 46,XY,t(1;19;13)(p31;q13.2;q31), apparently balanced. Subsequent cytogenetic analysis of the parents revealed that the mother had a normal karyotype, whereas the father had the same CCR as that found in the fetus (Fig. 1) . The familial study demonstrated that the father inherited CCR from his mother. However, no recorded clinical family history has been found and no relationship between the malformation and the structural rearrangement established.
Prior to this study, the patients were informed of these investigations and gave their consent. The study was approved by the ethical board of the Montpellier University Hospital.
Analysis of the meiotic segregation
Slide preparation
A sperm sample was collected in a sterile container after 3 days of sexual abstinence. After liquefying at room temperature, the sample was washed three times in 1Â phosphate-buffered saline by centrifugation (5 min at 750 Â g). The final pellet was fixed for 1 h in fresh fixative (methanol:glacial acetic acid 3:1) at -208C. The sperm suspension was then dropped onto clean microscopic slides and air dried. Slides were then aged 2 days at room temperature before use in FISH reactions.
Before in situ labelling reactions, the sperm nuclei decondensation was performed by slide incubation in 1 N NaOH for 2 min 30 s and the slides were placed immediately in 2Â SSC solution at room temperature for 10 min. The slides were dehydrated through a series of ethanol dilutions of increasing concentration (70, 90, 100%) for 3 min and air dried. The decondensation of sperm nuclei was checked under a phasecontrast microscope (Â40).
Before performing the PRINS reaction, DNA slides were immersed in 2Â SSC/0.4% NP40 solution for 30 min at 378C and then immediately passed through an ethanol series (70, 90 and 100%). The denaturation was performed in 70% formamide/2Â SSC at 758C for 3 min. The slides were then passed through a cold ethanol series and allowed to air dry.
Combined PRINS and FISH reactions
We used the primer J52 specific for the centromeric satellite III domain of chromosome 1 (5'-GGCAGTTATATCCTCTGCCTG-3') (Pellestor et al., 1997) .
As previously described (Pellestor et al., 2006) , the reaction mixture for PRINS (50 ml) consisted of: 0.2 mM of each of dATP, dCTP and dGTP, 0.02 mM of dTTP (Promega, Lyon, France) 0.02 mM of biotin-16-dUTP (Roche diagnosis, Meylan, France), 200 pM of primer J52, 2.5 U of Taq DNA polymerase, 5 ml Taq polymerase buffer with MgCl 2 (MP Biomedical, Illkirch, France), 0.01% of bovine serum albumin and distilled water.
The reaction was performed on a programmable Hybaid thermocycler (Hybaid Ltd., Teddington, UK) fitted with a flat plate block.
After application of 10 ml of the PRINS mixture onto the slides they were put on the plate block. The first heating step (10 min at 618C) allowed the J52 primer to anneal. The temperature was then automatically raised to 728C for the 10 min elongation step.
On completion of the PRINS reaction, the slides were washed twice in 1Â SSC solution at room temperature and passed through an ethanol series (70, 90, 100%) for 2 min and then the FISH technique was carried out. Four probes were used, consisting of: the specific subtelomeric probes of chromosome 1pter and 19qter, respectively labelled with spectrum red and spectrum blue (Kreatech, Strasbourg, France), and the LSI 13q34 probe labelled in yellow (550 kb), which is a mix of LAMP1 gene probes labelled in Spectrum Green and the LSI FKHR probe labelled in spectrum Orange (Abbott, Rungis, France) (Figs 2 and 3).
Probe mix was denatured at 758C for 5 min, put on ice during 2 min and subsequently 6 ml per hybridization were applied to each slide. The slides were incubated overnight in a dark humidified chamber at 378C. The slides were then washed for 45 s in 0.4Â SSC/0.3% NP40 at 728C, then for 20 s in 2Â SSC/0.1% NP40 at room temperature and then immediately immersed in a jar of sodium bicarbonate solution for 5 min. Blocking reagent (100 ml) was added to each slide before incubation in a humidified chamber for 10 min. Detection reagent (100 ml) containing Alexafluor-350-conjugated streptavidin was added to each slide (10 mg/ml) (Invitrogen, Cergy-Pontoise, France). They were incubated at 378C for 45 min followed by three washes in sodium bicarbonate solution for 5 min at room temperature. The slides were then air dried and mounted with Vectashield antifadent containing propidium iodide (0.6 mg /ml) (MP Biomedical) prior to storage in the dark at 48C.
The slides were examined using a Leica DMRA 2 fluorescence microscope equipped with adequate filter sets (Leica, Rueil-Malmaison, France). Subsequent image acquisition was performed using a CDD camera and the Isis FISH imaging system (MetaSystem, Atlussheim, Germany).
Interpretation of the FISH results was done according to the scoring criteria published previously (Anahory et al., 2005) . Briefly, overlapping sperm nuclei, disrupted nuclei or large nuclei with diffuse signals were not considered. Sperm nuclei were scored as having two identical signals when the two spots were of equal size and intensity and were separated by at least the diameter of one hybridization domain.
Results
The probe specificity and the labelling efficiency of each probe were determined for lymphocyte preparations from the patient and from a control subject with a normal karyotype. Two hundred metaphasic and interphasic nuclei were scored for each probe. The hybridization efficiencies of the probe sets ranged from 99.80 to 99.97%. There was no significant difference (P . 0.05) in the hybridization efficiency in blood cell metaphases from both the patient and the healthy 46 XY control.
Segregation analysis was performed in a total of 1822 sperm nuclei from the translocation carrier. According to the distribution of theoretical segregation patterns presented in Table I , we observed all of the 20 types of 3:3 segregation (including normal, balanced and unbalanced combinations), 26 types of 4:2 segregation, 9 types of 5:1 segregation and 1 type of 6:0. The results of the segregation analysis are summarized in Table II . The frequency of normal or balanced sperm nuclei was 14.82%. The main frequency of unbalanced spermatozoa reached 75.9%, including 34.14% of 3:3 segregation, 38.2% of 4:2 segregation, 3.51% of 5:1 segregation and 0.05% of 6:0 segregation. Among these sperm nuclei, 68 displayed a labelling pattern indicating the occurrence of an additional meiotic II non-disjunction for one of the chromosomes involved in the translocation (Table III) . One hundred sixty-nine (9.28%) additional sperm nuclei displayed Sperm segregation study of a complex translocation (1;19;13) ambiguous signals without correlation with the conceivable segregation patterns (Table II) . Examples of in situ labelling of sperm nuclei were presented in Fig. 4 .
Discussion
In this study, chromosome segregation analysis of 1822 sperm nuclei in a carrier of CCR performed by combining both FISH and PRINS techniques showed a large variety of segregation, i.e. 56 of the theoretically possible combinations. The mean frequency of unbalanced sperm was 75.90% comprising mainly 4:2 segregation (38.2%) and 3:3 segregation (34.14%). It is relevant to note that 9.28% of FISH signals did not correspond to any of the established segregation patterns. This point emphasizes an important difficulty of the in situ segregation analysis of a CCR in human sperm. Indeed, according to the number of chromosomes and breakpoints implicated in the translocation, it is necessary to combine five different probes to visualize the 64 different segregation possibilities according to the theoretical pachytene diagram (Fig. 3) . The complexity of CCRs made the analysis of these rearrangements by conventional cytogenetics particularly difficult (Tuppler et al., 1992) . In a FISH assay, due to the large number of segment permutations associated with the many different CCR meiotic segregation products, each hybridization panel should contain sufficient probes, labelled with a unique colour for each of the chromosome segments tested in order to avoid scoring errors (Bahce et al., 2000) .
In the present study, we combined the FISH and the PRINS techniques. Both led to the specific identification of human chromosomes in sperm nuclei using either chromosome locus-specific probes (for FISH) or chromosome centromeric-specific primers (for PRINS) (Pellestor et al., 2001) .
Because of the involvement of chromosomes 5, 13 and 19 in this complex rearrangement, it was not possible to use the corresponding centromeric probes which often lead to in situ cross-hybridization between the centromeres of chromosomes 1, 5, 19 and those of chromosomes 13 and 21. Consequently, with the aim of bypassing the possibility of cross-hybridization and performing a precise sperm segregation analysis, we were obliged to mix the two techniques (FISH with the use of locus-specific probes and PRINS).
The possibility of introducing additional levels of complexity in the FISH strategies employed allowed a complete analysis of this CCR in the sperm of a CCR carrier. The combination of conventional FISH and PRINS are powerful tools to investigate the CCRs in order to understand the mechanisms of their transmission and contribute to improving reproductive genetic counselling. Unfortunately, a sperm FISH study is not always possible since male carriers of CCR have been reported to be often subfertile due to abnormal gametogenesis (Saadalah and Hulten, 1985) or to be sterile due to spermatogenesis arrest (Rodriguez et al., 1985) .
To our knowledge, there is only one sperm segregation analysis of a CCR published, performed using the hamster sperm oocyte fusion technique and whole chromosome painting analysis on a total of 208 sperm complements (Cifuentes et al., 1998) . These authors found a high frequency of unbalanced sperm of 86.5%. In the present study, we obtained a similarly elevated percentage of unbalanced spermatozoa (75.9%), but the repartition was quite different with similar rates of 4:2 segregation (38.2%) and 3:3 segregation (34.14%) whereas Cifuentes et al., 1998 found a large majority of 3:3 segregation (64.9%). Moreover, when compared with the time-consuming hamster test, FISH and PRINS approaches are efficient methods for evaluating the sperm chromosomal content and allow the analysis of the meiotic segregation. The high number of analysed spermatozoa (n ¼ 1822) imparts a strong statistical relevance to the present study.
There are very few data concerning the meiotic behaviour of CCR in humans. Saadalah and Hulten (1985) analysed a testicular biopsy in a patient with a CCR 46,XY,t(2;4;9) (p13;q25;p12). They showed that all spread pachytene spermatocytes observed by light microscopy and electron microscopy contained a hexavalent configuration. Two other teams observed hexavalent configurations in pachytene cells: Johannisson et al. (1988) for a familial translocation 46,XY,t(9;12;13) (q22;q22;q32) and Kovacs et al. (1992) for a three-breakpoint translocation t(1;8;9) (q43;q13;q26) in a subfertile bull. According to these studies and without the possibility of performing a testicular biopsy 
Table III
Segregation patterns observed in spermatozoa displaying an extra meiotic II non-disjunction in addition to three modes of meiotic I segregation (4:2; 3:3; 5:1).
Segregation
Chromosomes involved 4:2 der13*þ13/der13*þder19/13*þ19/13þ19*/ der1þder13*/der1þ13þ19*þder19/ der13*þder19*/1*þder13*/1*þ19/der1*þder13/ der19*þ19/der1*þ19*/1þder13*/der1*þ19/ 1þ13*/ der1þ13*/der1*þ13/1þ13þ19*þder19/ der1þder13þ19þder19*/ 3:3 13þ19þder19*/der1þder13þ19*/1þder1þder13*/ der1þ19þder19*/13þ19*þer19/ 13þder13þder19*/der1þ19*þder19/der1þ13þ19* 5:1 der13*/13 *Indicated the chromosome with no segregation of the sister chromatids at the second meiotic division.
on our patient (for evident medical and ethical reasons), we analysed our results supposing the formation of a hexavalent synaptic figure allowing full synapses of homologous segments, since it was not. The behaviour and segregation of this hexavalent configuration explains the high level of unbalanced complements observed in this carrier. Understanding and estimating the segregation modes are essential points since they can provide the physician with the means to more accurately and efficiently inform and guide the CCR carriers during genetic counselling. In the case of CCRs, the chromosome segregation by sperm FISH appears fundamental because, all other methods developed for predicting segregation modes concern only classical reciprocal translocation and inversion indications. Indeed, both the pachytene diagram predictive method (Jalbert et al., 1980a, b) and the factorial discriminant analysis method (Cans et al., 1993) proposed an estimation of unbalanced offspring risk in reciprocal translocation only. On the other hand, Bowser-Riley et al. (1988) published data concerning the double translocations and proposed an empirical risk calculation to assess the chances of producing a live born abnormal child.
Many studies have sought to understand the meiotic consequences of CCRs and to predict carrier outcomes by categorizing the CCRs by their structure (Kaush et al., 1988) . Some of these studies looked at a high number of families with balanced three-way CCRs and with children showing unbalanced karyotypes (Batista et al., 1994; Madan et al., 1997; Batanian and Eswara, 1998) . These reports concluded that factors predisposing to 3:3 meiotic segregation and to 4:2 segregation of balanced CCRs are similar to the conventional two-way reciprocal translocations and include the involvement of an acrocentric chromosome, the presence of at least one break close to the centromere and the involvement of participating chromosomes with a large size difference (Jalbert et al., 1980a, b; Migliori et al., 2004) .
Also, the occurrence of interstitial chiasma could give rise to additional unbalanced complements, and one cannot discount the hypothesis that some of the ambiguous segregation patterns scored in this study result from crossover events in the interstitial segments between the breakpoint and the centromere. However, the small size of some translocated segments may pose a limiting factor for chiasma formation. In addition, remarkable variations exist in the recombination frequencies among human males (Sur et al., 2005) and the randomness of recombination events should compensate for their effects on imbalance constitution. According to these data, the presence of a small chromosome (chromosome 19) and an acrocentric chromosome (chromosome 13) in the present CCR could influence the mode of segregation by modulating the rate of recombination. However, it must be noted that, practically, it is not possible using FISH to differentiate in situ, all the recombinant patterns reflecting the genotype produced in the absence of recombination.
The aim of this study was also to improve the genetic and reproductive counselling of patients carrying a balanced CCR translocation. Accumulating data may help to reveal the mechanism of CCRs. Because of the fertility troubles observed in these patients, assisted reproductive technologies with ICSI are sometimes suggested to bypass spermatogenesis dysfunction and subsequent prenatal diagnosis is proposed to the couple. Other clinicians have proposed a PGD using FISH to diagnose chromosomal imbalance in preimplantation embryos before transfer into the mother's uterus, thereby avoiding prenatal diagnosis. This question gave rise to many discussions. Lim et al. (2008) reported a healthy live birth after PGD for carriers of CCRs. Four cycles of PGD were performed in three patients. The pregnancy was achieved for the patient who had benefited from two cycles and concerned a CCR with a deletion and a reciprocal translocation. The two other CCR patients had classical threeway translocations. Among 18 embryos produced in the two cycles, only one was normal or balanced (5.5%). In total, 54 embryos biopsied of 56 obtained in four cycles of PGD were successfully diagnosed (96.4%). Among them, five embryos were normal. This total ratio is also very low (9.25%) and the authors concluded that a need for more consideration and advanced techniques for full karyotyping were required. Escudero et al. (2008) published PGD results for five couples who were carriers of CCRs. They obtained two pregnancies and the implantation rate was 50% with 0% spontaneous miscarriages. Among these CCRs, one was a three-way male carrier CCR. In this case, they obtained 22 embryos, only two of which had normal or balanced complement. The transfer permitted a single pregnancy to be obtained. This high level of unbalanced embryos (90.9%) is consistent with our results. However, the authors concluded that CCRs were amenable to PGD analysis. Escudero et al., (2003) established the predictive value of the sperm analysis on the outcome of PGD but for translocation carriers. They concluded that only some specific cases with particular cytogenetic characteristics would deserve further consideration. They estimated that patients with more than 65% of chromosomally abnormal sperm would need to produce 10 or more good quality embryos to have a chance of conceiving. These data and the application of PGD for CCR by the same team (Escudero et al., 2003) point out limitations for CCR carriers identified by ovarian reserve of the female partner.
The present study conforms to the theoretical postulate of a high level of unbalanced gametes following meiosis in male CCR carriers (75.9%). We have demonstrated the possibility of developing an efficient strategy for the in situ analysis of meiotic segregation in gametes of CCR carriers. This will allow a better understanding of the behaviour and segregation of this hexavalent figure. Accumulating data may help to reveal the mechanisms of CCRs.
Because of the frequent infertility problems observed in male CCR carriers, a sperm study is not always possible. However, when spermatogenesis allows a sperm FISH analysis and when the female partner has a good pattern of ovarian stimulation, our results indicate that PGD for CCRs can be proposed to the couple during genetic counselling. Indeed, the empirical risk of carrying to term an abnormal offspring is stated to be around 50% as per Gorski et al. (1988) . Sperm analysis results can provide for families a straightforward reproductive risk assessment which is very specific for each CCR family (Soler et al., 2005) . Moreover, performing ICSI without PGD leads to the propagation of paternal CCR into the next generation (Joly-Helas et al., 2007) , so the authors do not recommend ICSI for couples carrying CCRs. On the other hand, PGD methodologies, if appropriate can contribute substantially to decrease the incidence in spontaneous miscarriages in CCR couples (Escudero et al., 2008) .
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